The ligand H 2 L = 2,2Ј-bipyridine-6,6Ј-dicarboxylic acid reacts with Ln(NO 3 ) 3 ؒxH 2 O (x = 6, Ln = Eu, Tb; x = 5, Ln = Gd) in MeOH/Et 3 N to give complexes with 1 : 2 and 2 : 3 metal : ligand stoichiometry, (
Introduction
Many biomedical analyses rely on luminescence as a signal reporter since analytical methods based on this phenomenon are among the most sensitive available. Luminescent labels are being extensively developed for the design of efficient fluoroimmunoassays despite intrinsic limitations due to non-specific short-lived luminescence from the assay medium. This drawback is indeed easily overcome by the use of trivalent lanthanide ions Ln III which have long-lived excited states (e.g. Eu III , Tb III ). 1 Since f-f transitions are very weak, excitation of the metal ion is usually achieved by energy transfer from the bonded ligands, a process termed antenna effect 2 in reference to the naturally occurring phenomenon encountered in green plants. 3 The higher molar absorbance of the organic shell allows a better collection of the incident photons when compared to the free metal ions. This is especially true for lanthanide metal ions, for which the various selection rules make their electronic transitions strongly forbidden with molar absorption coefficients rarely higher than a few M Ϫ1 cm Ϫ1 .
4
Among the prerequisites for a good antenna system with potential as a label for time-resolved analysis or imaging of biological materials, criteria such as: high absorptivity of the compound, efficient energy transfer to the metal ion, shielding of the latter from vibrational deactivation processes, a long- † Electronic supplementary information (ESI) available: emission spectra for H 2 L and (Et 3 NH) [ Oؒ2MeOH . See http://www.rsc.org/suppdata/dt/b0/b000436g/ lived metal-centred excited state, water solubility and thermodynamic and photophysical stability have to be fulfilled. Present-day technology in supramolecular chemistry allows a precise control of the metal co-ordination sphere and permits a fine-tuning of the energy-transfer processes either in simple devices used as luminescent stains 5 or in more elaborate molecular wires and sensors. 6 The choice of the ligand remains however a crucial point and molecules containing aromatic moieties are usually found to be good sensitisers for Ln III ions 2,4,7 but more rarely meet all the above-mentioned criteria.
8
In an effort to bring further understanding to the relationship between the ligand structure and the efficiency of the energy transfer process and, also, to unravel suitable synthons for the design of elaborate compartmental ligands, we have turned our attention to 2,2Ј-bipyridine-6,6Ј-dicarboxylic acid, H 2 L.
Thanks to its aromatic core, combined with a four-site pincershaped co-ordinating pattern, H 2 L appears as an interesting candidate for use as a light-harvesting moiety for lanthanide cations. Furthermore, the carboxylate functions are expected to provide suitable thermodynamic stability in water. The relative luminescence yield of 1 : 1 solutions of H 2 L and Eu III and Tb
III
ions has been briefly reported by Mukkala et al. 9 within the framework of a study relating the influence of the chelating groups on the luminescence properties of a series of lanthanide complexes, but no other data are available and the complexes were not isolated and characterised in the solid state. In this paper, we report the isolation and characterisation of two series of complexes with Ln = Eu, Gd, Tb and the deprotonated ligand together with the associated structural and photophysical data.
Results and discussion
Synthesis and characterisation of (Et 3 NH)[LnL 2 ] complexes (Ln ‫؍‬ Eu, Gd, Tb)
The complexes were synthesised by reacting a twofold excess of the ligand with lanthanide nitrates in methanol and in the presence of triethylamine as a base, followed by re-crystallisation. In the case of europium, treatment with KPF 6 in hot water resulted in the replacement of the triethylammonium cation by potassium. IR spectra of the three metal complexes are very similar, showing the presence of absorption bands characteristic of the pyridine moiety (ν C᎐ ᎐ C and ν C᎐ ᎐ N around 1590 and 1570 cm Ϫ1 ) and of the carboxylate groups (ν C᎐ ᎐ O at 1637, 1640 and 1643 cm Ϫ1 respectively for Eu, Gd and Tb). 10 The absence of any absorption band that could be attributed to the nitrate group 11 unambiguously proves the displacement of the anion during the formation of the complexes. The 1 H-NMR spectrum of the europium complex in D 2 O/d 6 -DMSO displays three broad signals corresponding to the aromatic protons, with the expected coupling pattern (two doublets at 7.67 and 6.39 ppm and a triplet at 7.98 ppm, respectively 8.76, 8.15 and 8.21 for H 2 L in d 6 -DMSO), and pointing to the presence of two equivalent ligands on the NMR time scale. The presence of one triethylammonium cation is confirmed by the observation of a quadruplet and a triplet with integral values corresponding to 6 and 9 H respectively, as compared to the value of 4 protons for each aromatic signal. The de-shielding of the quadruplet at 2.99 ppm (2.43 ppm for neat Et 3 N) confirms the protonation of the nitrogen atom. 12 The 1 H-NMR spectrum of the Tb chelate is stretched over 60 ppm at 298 K as a result of the paramagnetic contribution of the terbium ion. 13 The increase of the transverse relaxation rates for protons in the neighbourhood of the terbium cation leads to broad peaks and the hyperfine structure is lost. Nevertheless, the integral values of the peaks allows one to assign the aromatic protons at 17 Ϫ . Both NMR and MS data unambiguously point to the presence of a single species in solution, with a 1 : 2 metal : ligand stoichiometry.
The absorption spectrum of the protonated ligand H 2 L, recorded in a 95/5 (v/v) water-DMSO mixture at room temperature shows a broad band at 297 nm (ε = 6860 M Ϫ1 cm Ϫ1 ) with a shoulder at 309 nm (ε = 5800 M Ϫ1 cm
Ϫ1
) attributed to π→π* transitions on the pyridine rings (Fig. 1 ). Upon addition of triethylamine, the maximum of absorption is gradually shifted to higher energy, appearing at 288 nm (ε = 8610 M Ϫ1 cm Ϫ1 ) for a large excess of the base, while the position of the shoulder remains essentially unchanged (λ max = 310 nm, ε = 2600 M Ϫ1 cm Ϫ1 ). Upon complexation to the lanthanide cations, the π→π* transitions are shifted to lower energy, as often observed during the complexation of heteroaromatic systems with lanthanide cations.
14 The spectra of the three ( ) and 318 nm (ε = 24 750 M Ϫ1 cm Ϫ1 ) for Tb. Due to the very low solubility of the complexes, the weak f-f absorption bands and, in the case of europium, the possible charge transfer band 15 could not be evidenced.
Ligand-centred luminescence in H 2 L and (Et 3 NH)[GdL 2 ]
In the solid state at 77 K, the protonated ligand presents two emission bands (Fig. S1 , ESI) † upon excitation in the range 340-350 nm (maxima of the excitation spectra). One band centred at 390 nm is asymmetric with a tail in the long wavelength range and it disappears as soon as a time delay is enforced; we therefore assign it as arising from a 1 ππ* state. The other band is structured, with components at 492 nm (20 325 cm
Ϫ1
, 0-phonon component), 525 nm (maximum), 558 and ≈ 600 nm. The main vibrational progression amounts to 1220 ± 80 cm Ϫ1 and corresponds to a ring breathing mode occurring at 1265 cm Ϫ1 in the fundamental state at room temperature, as inferred from the IR spectrum. The luminescence decay is bi-exponential, with lifetimes of 10.6 ± 0.1 and 2.3 ± 0.1 ms at 10 K. The long luminescence lifetimes and a ring breathing associated vibrational progression both point to a 3 ππ* state centred on the bipyridine rings. At room temperature, the emission spectrum remains essentially the same, except for the expected broadening and a slight red-shift. The luminescence quantum yield Q L of a 10 Ϫ6 M solution in water, is small and amounts to 0.76% at pH 9.9 (λ exc = 255 nm) and 2.0% at pH 2.0 (λ exc = 227 nm).
Upon complexation to Gd III , the room temperature emission from the 1 ππ* state shifts to longer wavelength (391 nm) in the solid state, while the triplet state emission with lifetimes equal to 8.2 ± 0.2 and 4.3 ± 0.1 ms appears to be less affected. The quantum yield of the ligand-centred luminescence decreases to 0.36% for a 10
nm). No ligand-centred luminescence is observed for the Eu
III and Tb III chelates, pointing to an efficient transfer of the excitation energy onto the metal ions.
Metal-centred luminescence in (Et 3 NH)[LnL 2 ] chelates (Ln ‫؍‬ Eu, Tb)
The excitation spectrum of a solid sample of (Et 3 NH) [ 16 or the one deduced from the solid state lifetime, and using the newly proposed equation allowing for the presence of closely diffusing water molecules, q = 1.
16 this decay time reflects the quenching effect of 0.4-0.6 water molecules directly bonded to the Eu() ion. 4 This may be interpreted as reflecting some inner sphere interaction with fast exchanging water molecules. The absolute quantum yield of the metal-centred luminescence of this solution is fairly large, amounting to 11.5 ± 2.3% and in line with the 0-phonon component of the ligand triplet state lying about 3000 cm Ϫ1 above the Eu( 5 D 0 ) level. 17 In their work on water solutions with a 1 : 1 Eu III : H 2 L ratio, Mukkala et al. have found a biexponential decay with lifetimes of 0.77 and 0.19 ms at pH 8.5 and they assigned the two lifetimes to complexes with different metal-to-ligand ratios.
9 Using the same procedure as above to estimate q, the lifetimes reported by Mukkala's group at this pH correspond to approximately 0.8 and 5.5 inner sphere water molecules, respectively. Given the difference in the experimental conditions, our data are in good agreement with those reported by Mukkala et al. for the 1 : 2 complex. (Fig. S5,  ESI The complexes were crystallised from equimolar solutions of the ligand and the lanthanide nitrate in a methanol/water mixture, in the presence of triethylamine. Surprisingly, elemental analyses point to the formation of compounds with a 2 : 3 metal-to-ligand ratio and containing respectively four, three and four water molecules for Eu, Gd and Tb. The IR of the three complexes are quite similar and display features characteristic of the bipyridine ligands (ν C᎐ ᎐ N , ν C᎐ ᎐ C and ν C᎐ ᎐ O at 1617, 1615 and 1620 cm Ϫ1 respectively for Eu, Gd and Tb) but do not contain bands from nitrate anions. Interestingly, the ν C᎐ ᎐ O absorption bands are observed at weaker energy than in the corresponding ML 2 complexes with a difference of about 20 cm
Ϫ1
. This difference points to a somewhat weakened C᎐ ᎐ O bond, the electronic density of the carboxylate functions being displaced toward the metal binding oxygen atoms.
When dissolved in d 6 -DMSO or D 2 O the solutions of the europium or terbium complexes show a mixture of 1 : 1 and 1 : 2 chelates, as demonstrated by the 1 H-NMR for which two sets of signals in a 1 : 2 ratio are observed. For Eu, the signals arising from the first set, assigned to an ML 2 Ϫ entity is composed of a triplet (10.20 ppm) and two doublets (13.32 and 7.07 ppm) with coupling constants 3 J = 7.8 Hz; the second set, attributed to an ML ϩ entity, is also comprised of a triplet at 4.34 ppm, and two doublets at 4.52 and Ϫ2.36 ppm, with the same coupling constant (7.8 Hz). As previously mentioned, the paramagnetic contribution of Tb III leads to a spectrum spread over 160 ppm. Signals from the 1 : 2 species appear at 17.97, Ϫ22. 20 (2) Atom(x)-Tb1-Atom (y)   O1  N1  N2  O3  O5  N3  N4  N1  N2  O3  O5  N3  N4  O7 65.87 (9) 128.72 (9) 165.08 (9) 97.84 (9) 85.25 (9) 81.29 (9) 91.82 (9) 62.97(9) 129.03 (9) 80.05(9) 131.59 (9) 139.91 (9) 92.00 (8) 66.11 (9) 76.97 (8) 133.08(9) 141.01 (8) 86.66 (8) 86.8 (1) 83.76 (9) 84.74 (9) 87.17 (9) 65.79 (8) 128.76(8) 163.62 (8) 63.08 (9) 128.55 (8) 65.70 (8) Atom(x)-Tb2-Atom(y)
92.93 (9) 82.95(9) 76.11 (8) 86.76 (9) 146.52 (8) 145.11 (9) 76.19 (9) 65.04(9) 127.66 (9) 165.69 (9) 99.76 (9) 79.8 (1) 84.6(1) 62.89(9) 128.97 (8) 74.79 (9) 122.7(1) 142.10(9) 66.12 (8) 71.59(8) 134.60(8) 138.02 (9) 88.13 (9) 92.3(1) 81.42 (9) 68.14 (8) 135.49 (9) 69.19 (9) cations. The FAB
2ϩ entities (m/z = 551). Absorption spectra of solutions of the three complexes are very similar. The π→π* transitions on the bipyridine moieties are shifted to lower energy with respect to the free ligand. The absorption bands display two maxima in each case at 308 (ε = 34 950 M Ϫ1 cm Ϫ1 ) and 316 nm (34 900) for Eu, 307 (37 750) and 318 nm (36 800) for Gd and 307 (37 100) and 316 nm (37 300) for Tb. The shapes of these spectra closely resemble those of the spectra generated by the (Et 3 NH)[LnL 2 ] chelates but the molar absorption coefficients are nearly 1.5 times larger, as expected on the basis of the number of ligands per lanthanide cation (Fig. 1) .
X-Ray crystal structure of [Tb 2 L 3 (H 2 O) 3 ]ؒ2H 2 Oؒ2MeOH
Selected bond lengths and angles are listed in Table 1 while the atom-numbering is shown on Fig. 3 . The structure is comprised of discrete and neutral supramolecular dimeric units (Fig. 4) . One of the metal ions is 8-coordinate, being bonded to the four N atoms of two ligand molecules (mean bond length 2.50(1) Å) and to the four carboxylate groups (mean bond length 2.34(3) Å). The two ligand molecules are almost planar and lie perpendicular to each other. The second 8-co-ordinate Tb III ion is bonded to one de-protonated ligand molecule (mean Tb2-N : 2.51(1) Å, mean Tb2-O 2.33(2) Å) and completes its coordination sphere by binding three water molecules (mean Tb2-O 2.40(3) Å) and one O atom from a bridging carboxylate group attached to a ligand molecule bonded to Tb1 (mean Tb2-O = 2.33 Å). As a consequence, the Tb1-O(carboxylate) distance is substantially longer (mean 2.38 Å) than the three other ones (mean 2.33(1) Å). The correct formulation of the 2 : 3 complex is therefore [TbL 2 -µ-TbL(H 2 O) 3 ]ؒ2H 2 Oؒ2MeOH and the intermolecular Tb1-Tb2 distance amounts to 6.51 Å.
Two consecutive dimers are connected by an elaborate network of hydrogen bonds involving the solvation molecules (Fig. 5) . One methanol molecule (O18) is connected through H-bonding to a carboxylic O-atom of the ligand bound to Tb2 (O18 ؒ ؒ ؒ O12 = 2.68 Å) while the other methanol molecule (O19) is H-bonded to both a co-ordinated water molecule (O19 ؒ ؒ ؒ O14 = 2.70 Å) and, more weakly, to the interstitial O17 water molecule (O19 ؒ ؒ ؒ O17 = 2.96 Å), itself H-bonded to one carboxylate linked to Tb1 (O17 ؒ ؒ ؒ O1 = 2.85 Å). The second interstitial water molecule bridges two dimeric entities, being H-bonded to a carboxylate co-ordinated to Tb1 (O16 ؒ ؒ ؒ O2 = 2.71 Å) and to a water molecule bound to Tb2 (O16 ؒ ؒ ؒ O13 = 2.66 Å). The dimers are aligned in the crystal, forming parallel cylinders with no interaction between them (Fig. S6, ESI) . † Within a stack the Tb1-Tb1 and Tb2-Tb2 distances between metal ions belonging to two consecutive dimers are equal and amount to 13.7 Å, while the metal-metal distance between columnar stacks of molecules is much larger (around 24-25 Å). The co-ordination polyhedron around Tb1 may be described as a distorted C 2v dodecahedron (Fig. 6) , the four O-atoms forming an approximate square plane while the N-atoms of each ligand sit above and below this plane, respectively, and are aligned along the two diagonals of the square. The coordination geometry around Tb2 displays lower symmetry and can be classified as a 1 : 4 : 3 polyhedron. (Table 2) . Moreover, the Eu( 5 D 0 ) lifetime is longer in site I (1.23 ± 0.02 ms) than in site II (0.32 ± 0.01 ms) and taking into account the same radiative rate constant as above, the following number of bonded water molecules can be calculated: q = 0.3 for site I and 2.8 for site II. The former value is small and may be accounted for by the presence of closely diffusing OH oscillators in the second coordination sphere of the metal ion.
Photophysical properties of [Eu
16 Therefore, the luminescence data point to a structure similar to the one evidenced by X-ray crystallography for the Tb III bimetallic chelate, site I corresponding to Tb1 and site II to Tb2. In addition, the energy of the measured describing the ability δ of co-ordinating atoms to produce a nephelauxetic effect:
where C CN is a coefficient depending upon the Eu III coordination number (1.06 for a co-ordination number (CN) = 8), n i is the number of atoms of type i, and ν˜0 = 17 374 cm Ϫ1 at 295 K. 20 
Conclusion
The ligand 2,2Ј-bipyridine-6,6Ј-dicarboxylic acid in its dianionic form appears to be a good building block for designing 1 H-NMR. In the solid state, these latter moieties formed a neutral bimetallic entity which was characterised for Tb by an X-ray structure determination and luminescence spectroscopy. The bipyridine moieties are confirmed as providing a good antenna effect 21 and the formation of an extended network of H-bonded bimetallic entities in the 2 : 3 compounds opens the way for tailoring compartmental ligands bearing H 2 L units or bipyridine monocarboxylic acids and programmed for the formation of extended interactions at a nanometric scale.
Experimental Syntheses and characterisation
Solvents and starting materials were purchased from Fluka, lanthanide nitrates (99.9%) from Janssen Chimica. 2,2Ј-Bipyridine-6,6Ј-dicarboxylic acid was prepared in 87% yield by oxidation of 6,6Ј-dimethyl-2,2Ј-bipyridine 22 with CrO 3 in concentrated sulfuric acid, using an adapted literature procedure.
23
IR spectra were recorded as KBr pellets on a Nicolet 210 spectrometer. UV-Vis spectra of solutions in 95/5 (v/v) H 2 O/DMSO were obtained with a Uvikon 933 spectrophotometer.
1 H-NMR spectra were recorded at 298 K with a Bruker AC 200 spectrometer using the peak of the solvent as internal reference or tert-BuOH for spectra in D 2 O. Luminescence spectra were measured according to previously published procedures. Ϫ1 , ν CH (aromatic) 772 cm Ϫ1 .
Crystal structure determination of [Tb 2 L 3 ؒ3H 2 O]ؒ2H 2 Oؒ 2MeOH
Single crystals of [TbL 2 -µ-TbL(H 2 O) 3 ]ؒ2H 2 Oؒ2MeOH were obtained as thin colourless needles from dissolution of the title compound in hot water followed by slow cooling. A crystal was mounted in inert oil and transferred to the cold gas stream of the diffractometer. Crystal data and structure refinement details are listed in Table 3 . CCDC reference number 186/1936. See http://www.rsc.org/suppdata/dt/b0/b000436g/ for crystallographic files in .cif format. 
